The initial steps in the synthesis of leukotrienes are the translocation of 5-lipoxygenase 2 (5-LO) to the nuclear envelope and its subsequent association with its scaffold protein 5-3 lipoxygenase-activating protein (FLAP). A major gap in our understanding of this process is the 4 knowledge of how the organization of 5-LO and FLAP on the nuclear envelope regulates 5 leukotriene synthesis. We combined single molecule localization microscopy with Clus-DoC 6 cluster analysis, and also a novel unbiased cluster analysis to analyze changes in the 7 relationships between 5-LO and FLAP in response to activation of RBL-2H3 cells to generate 8 leukotriene C 4 . We identified the time-dependent reorganization of both 5-LO and FLAP into 9 higher-order assemblies or clusters in response to cell activation via the IgE receptor. Clus-DoC 10 analysis identified a subset of these clusters with a high degree of interaction between 5-LO and 11 FLAP that specifically correlates with the time course of LTC 4 synthesis, strongly suggesting 12 their role in the initiation of leukotriene biosynthesis. 13
Introduction

14
All cells must integrate and transduce multiple extracellular signals to achieve an 15 appropriate functional response. In mast cells, the classic pathway of cell activation in response 16
to an allergen is initiated by antigen binding to allergen-specific IgE antibodies coating mast 17 cells via the IgE receptor (FcεR1; FcERI; UniProtKB: P12319) [1-3]. Antigen binding triggers the 18 aggregation of FcεR1 receptors, activating their downstream pathways by recruiting a series of 19 kinases to the cytoplasmic tail, and prolongs its presence on the plasma membrane [2, 4-7]. The 20 kinase cascade sets in motion multiple processes including degranulation and the synthesis of 21 leukotriene B 4 (LTB 4 ) [8, 9] and LTC 4 [10, 11] . Activated mast cells predominantly make LTC 4 22 [10, 11] and to a lesser extent LTB 4 [9, 12] . In all cases, cells must generate a balanced 23 response of lipid mediators and gene expression that is proportional to the strength, duration, 24 and composition of the stimuli. 25 present AA to 5-LO and initiate synthesis of the parent LT, LTA 4 . In the presence of LTC 4 48 synthase LTA 4 is converted to LTC 4 , the first of the cysteinyl LTs [25] and is carried out of the 49 cell by multidrug resistance-associated protein 4 (ABCC4; MRP4; UniProtKB: O15439) [26] . 50
The formation and organization of higher order assemblies of receptors and enzymes is 51 4 now considered an important regulatory process in signaling [27, 28] . This principle has been 52 established for inflammasomes and signalosomes [29, 30] . In the context of the 5-LO pathway, 53 the organization of the core LT synthetic complex into higher order assemblies could have 54 several potential benefits. First, it could buffer the system from an "all or nothing" response to 55 individual/random signals. Second, since AA diffuses through membranes and is rapidly re-56 esterified (28), it wcould provide a mechanism to increase the local concentration of the 57 substrate and facilitate its availability to FLAP. Finally, it would provide a platform to integrate 58 multiple signals. 59
We combined two-color direct stochastic optical reconstruction microscopy (dSTORM) 60 single molecule localization microscopy (SMLM) with Clus-DoC analysis [31] , and also linked 61 single-color (conventional) STORM with a second unbiased clustering algorithm to define the 62 time-dependent assembly and disassembly of higher order organizations of 5-LO and FLAP on 63 the nuclear envelope. We identified a subset of clusters that contained a high degree of 64 interaction between 5-LO and FLAP. Their assembly and disassembly was directly correlated 65 with the synthesis of LTC 4 . 66
Results
67
Analysis workflow for developing a model of 5-LO and FLAP 68 on the nuclear envelope 69 Analysis of the structure and characteristics of higher order assemblies has been 70 facilitated by recent SMLM superresolution techniques combined with computational 71 approaches. To determine 5-LO and FLAP organization on the nuclear envelope, two different 72 computational analyses were applied following image acquisition (Fig 1) . Tab-delimited text files 73 (.txt) containing the localization list from each image set were output for each approach. We 74 employed a clustering and colocalization algorithm, Clus-DoC [31] to two-color dSTORM data 75 (purple). Clus-DoC assigns a degree of colocalization (DoC) score to each localization and 76 5 determines percent colocalization, as well as cluster properties including the number of clusters 77 in a region of interest (ROI), cluster area, and density. We also calculated other parameters 78 such as the percent of interacting localizations inside clusters. In a second, supportive 79 approach, we developed a novel unbiased clustering analysis based on a variable bandwidth 80 mean-shift algorithm for conventional STORM data (orange). This analysis makes no 81 assumptions about cluster size and is especially valuable for clusters curved around a 82 membrane (S1 Fig) . 
Relationship of 5-LO and FLAP on the nuclear envelope
97
RBL-2H3 cells were primed with anti-TNP IgE and then stimulated with TNP-BSA for 2, 98 5, 7, and 10 min. Total media concentrations of LTC 4 at each time point were measured, with 99 significant LTC 4 accumulating by 5 min and reaching peak levels by 7 min (Fig 2A) . Cells were 100 washed, fixed, and co-stained for 5-LO (ATTO 488; left/green) and FLAP (Alexa Fluor 647; 101 6 middle/red), then imaged by dSTORM ( Fig 2B) . 5-LO is present at the nuclear membrane at 5 102 and 7 min ( Fig 2B) , whereas FLAP is present on the nuclear membrane at all time points (Fig 103 2B) . FLAP was detected compared with NT ( Fig 3D, left) . No such difference was detected 128 comparing FLAP to 5-LO due to high levels of FLAP compared with 5-LO ( Fig 3D, right) . These 129 times correspond with maximal observed LTC 4 synthesis (Fig 2A) . ROI increased from 0.3 at NT and 2.3 at 2 min to 6.4 and 7.8 at 5 and 7 min, respectively, and 162 returned to 0.6 at 10 min ( Fig 4A) . Because there were <3 ROIs containing HIC at NT, 2 and 10 163 min, we excluded them from further analysis. The appearance and disappearance of HIC 164 correlates with peak LTC 4 synthesis, suggesting that the formation of HIC is required for LTA 4 165 synthesis and that disassembly of these clusters is a critical step in the termination of synthesis. First, their area is approximately 2-fold larger than LIC and NIC at 5 and 10 min after activation, 190 respectively ( Fig 4B) . Similarly, the average number of 5-LO localizations in HIC are 10-20 fold 191 higher than those in NIC and LIC ( Fig 4B) . In contrast, number of 5-LO localizations in NIC and 192 LIC remained unchanged over time ( Fig 4C) . The number of FLAP molecules in HIC was 193 approximately 3-fold higher (5 min) and 2-fold higher (7 min) than in LIC and NIC, which did not 194 change over the time course of the experiment (Fig 4D) . Interestingly, FLAP relative densities for NIC were 2-fold lower at 5 and 7 min than in LIC or HIC 201 ( Fig 4F) . 202 10 We next calculated the percent of all 5-LO and FLAP interacting localizations that are in 203 clusters. At 2, 5 and 7 min after activation, the vast majority of 5-LO molecules were found in 204 either LIC or HIC ( Fig 4F) . This was true for FLAP at all time points ( Fig 4G) . Taken min after the addition of antigen and peaked at 5 min, having 45 localizations per cluster (a 25% 227 11 increase). After 10 min, the mean number of localizations dwindled to 22, which is lower than 228 unstimulated conditions (0 min), suggesting complex disassembly ( Fig 5B) . The mean size of 5-229
LO cluster areas was also analyzed using 95% CIs. In non-activated cells, there were small 230 numbers of 5-LO associated with the nuclear envelope and a correspondingly low number of 231 localizations per cluster were detected in unstimulated conditions. The mean area of 5-LO 232 clusters identified on the nuclear envelope was ~2.1×10 4 nm 2 (Fig 5C) . At 2 min following cell 233 activation, the mean cluster area climbed to 3.4×10 4 nm 2 and then to 4×10 4 nm 2 at 5 min and 10 234 min ( Fig 5C) . The mean cluster density declined over time, decreasing by 50% at 5 min and 235 returning to control levels at 10 min post-activation ( Fig 5D) . containing few localizations per cluster (less than 100) to significantly more localizations per 255 cluster (greater than 250) occurred at 2 and 5 min after cell activation, concurrent with LT 256 production (Fig 2A) . Stimulating cells for 10 min resulted in the same pattern of localization 257 frequency as control. The mean number of 5-LO localizations per cluster was discernably higher 258 following cell activation at 2 and 5 min compared to control (S4 Fig, inset) . Following stimulation, 259 the frequency of clusters with larger areas increased over time (S4 Fig, inset) , while the 260 densities of clusters remained constant (S4 Fig, inset) . 261
The formation of higher order FLAP assemblies was detected using conventional 262 STORM in combination with unbiased cluster analysis. FLAP is primarily localized to the nuclear 263 envelope and to a lesser extent on the ER membrane. Because we were interested in analyzing 264 FLAP distribution in its primary localization, we used FLAP localizations to define the nuclear 265 envelope for unbiased cluster analysis. We first probed whether FLAP would reorganize within 266 the nuclear envelope following IgE priming and antigen activation. RBL-2H3 cells were primed 267 and activated for 0 or 7 min. Fig 6A shows the STORM and cluster analyses images with 268 convex hulls (middle panels) and numbers per cluster (lower panels, pseudocolor legend 269 below). Weight-normalized histograms show that distribution of clusters shifts to the left after 270 addition of antigen, whereas cells only primed with IgE contain a higher frequency of clusters 271 with more localizations (Fig 6B) . There was an increase in clusters containing between 250 and 272 450 localizations corresponding to ~83-150 trimers when cells were primed and activated (Fig  273   6B ). A similar pattern was observed for cluster areas. Cells that were only primed with IgE 274 contained a greater number of clusters with larger cluster areas compared to cells that were 275 primed and activated with antigen ( Fig 6C) . The frequency profile for cluster density was 276 marginally different between IgE-primed and IgE-antigen activated cells ( Fig 6D) . The mean 277 number of localizations per cluster decreased approximately 25% following addition of antigen 278 (Fig 6B, inset) and the mean cluster area decreased from 1.4×10 5 nm 2 to 0.8×10 5 nm 2 following 279 13 antigen stimulation (Fig 6C, inset) . In parallel, the mean density of clusters increased ~25% 280 from 1.7x10 -3 localizations/nm 2 to ~2.4x10 -3 localizations/nm 2 after antigen stimulation, 281 suggesting that following antigen, FLAP clusters become more compact. Fig, A-C, insets) . As shown in weight-normalized histograms, the 302 frequency of these clusters was unchanged (S5 Fig, A-C) . When MK886 was added the 303
properties of clusters changed. The mean number of localizations per cluster and cluster area 304 both increased (S5 Fig, A, B insets) , while the cluster density decreased (S5 Fig, inset ). There 305 14 was a higher frequency of clusters containing 100 or more localizations per cluster in cells pre-306 treated with MK886 compared to primed and activated cells without inhibitor (S5 Fig). A similar 307 pattern was seen in cluster area where the frequency of clusters with larger areas was higher in 308 cells pre-treated with MK886 ( S5 Fig). Though the mean density per cluster decreased, the 309 distribution was similar to that with cells treated with IgE and antigen alone and cells pre-treated 310 with MK886 ( S5 Fig) . 311
In the presence of the cPLA 2 Inh or the FLAP Inh following priming with IgE and antigen, 312 the number of FLAP localizations per cluster decreased (Figures S5, inset) . The shifts in the 313 frequency distribution of clusters for each inhibitor were similar, with fewer localizations in each 314 cluster compared to cells only primed and activated (S5 Fig) . The mean cluster area slightly 315 decreased when cells were exposed to the cPLA 2 inhibitor during priming and antigen activation 316 (S5 Fig, inset) . MK886 had no effect on FLAP cluster area following cell priming and antigen 317 activation (S5 Fig) . Localization frequencies were left shifted when cells were exposed to either 318 cPLA 2 inhibitor or FLAP inhibitor. This was a slight, but notable decrease in the frequency of 319 clusters containing 300 localizations or more ( Fig 4D) . Cluster density was unchanged in the 320 presence of cPLA 2 or FLAP inhibitors (S5 Fig) . Conventional STORM 429 After activation, cells were fixed and prepared for STORM as previously described [39] . 430
The following day they were stained with antibodies to FLAP (Novus IMG 3160, 1:100) or to 5-431 LO (Santa Cruz H-120, sc-20785, RRID: AB_2226938, 1:20). Activator-reporter antibody was 432 applied at 3 µg/mL for 1 h. Imaging buffer containing 147 mM Unbiased cluster analysis 459 We implemented a modified form of the variable bandwidth mean shift (VBMS) algorithm 460 with automatic bandwidth selection previously described [40], using the diagonal bandwidth 461 matrix estimation method. The final bandwidth used (250 nM) was then selected from these 462 estimates automatically, and is allowed to vary from point to point, thereby adapting to variations 463 in scale and structure between and within datasets. 464
Our modifications were primarily designed to improve analysis time. Running all test 465 bandwidths in parallel rather than in serial decreased execution time over 10-fold. Storing the 466 STORM data in kd-trees and calculating kernel updates using points within only 4x the 467 bandwidth of the current mean provided faster mean shift direction estimates without sacrificing 468 accuracy. The data was preprocessed with the DBSCAN algorithm [41], with the distance cutoff 469 set based on the 99.9 th percentile of nearest-neighbor distances within the dataset. Regions 470 which were determined to be independent during this conservative DBSCAN pre-clustering 471 stage were processed independently in parallel. Because the VBMS algorithm scales 472 nonlinearly with the number of points, this optimization further increased processing efficiency 473 beyond that provided by parallelization. Single isolated points were also removed at this stage, 474 providing another ~10x increase in processing speed. 475 21
Statistics
476
EIA was analyzed using one-way ANOVA followed by Bonferroni multiple comparison 477 post-test where p < 0.05 was considered significant. Unbiased cluster property histograms were 478 first tested for normality using Kolmogorov-Smirnov and D'Agostino-Pearson omnibus tests. 479
After passing the normality tests (p > 0.5), the data were tested for differences between 480 samples by one-way ANOVA followed by Bonferroni multiple comparison post-test where p < 481 0.05 was considered significant. A Welch's unpaired t-test (unequal variances) was performed 482 to determine to significance where two conditions were compared. All statistical tests were 483 performed using Graphpad Prism 7 (Graphpad Software). 484
Source code
485 Unbiased cluster analysis code was written for 64-bit MATLAB R2013b (MathWorks) or 486 higher under a Windows operating system. The latest version of the source code is available via 487 the authors' Git repository (https://github.com/bairangie/sobermanclusters). 488
